The RF characteristics of Mica-Z wireless unattended sensor motes were evaluated for military and commercial applications. The Mica-Z mote's propagation characteristics and network performance were measured under near freespace, indoor and outdoor environments to provide a comprehensive perspective of typical sensor network characteristics. Link break distance and re-association distance with their corresponding RF power measurements were recorded to determine the Mica-Z's range characteristics under different operating environments. Power Loss exponents were also estimated to provide Mica-Z users a faster and more convenient way to estimate operating ranges in the different environments. A graphical numeric electromagnetic code (GNEC) simulation was also used to investigate some of the possible improvements that could be made to the existing Mica-Z antenna design to enhance the performance of the sensor network. This paper substantiates the difficulties of operating such sensor networks in the most hostile environments. Although the analyses demonstrate that controlled deployment was possible to some extent, the effectiveness of random deployment remains challenging.
I. INTRODUCTION
In the new generation of large-scale sensor networks, sensors will normally be employed in miniature autonomous devices known as sensor nodes to form the network without the aid of any established infrastructure (ad-hoc topologies). The individual nodes are capable of sensing their environments, processing the information locally, and sending it to one or more collection points through a wireless link. Each node normally has low RF transmit power which helps in prolonging the lifetime of the battery. This is necessary because the sensor nodes in many applications are mostly inaccessible, thus requiring the sensors to operate without battery replacement for a long time [1] . Such conditions make the RF channel and power consumption characteristics a critical factor in the sensor network system design and deployment. It is important to have a good understanding of these characteristics as such factors ultimately affect the WSNs operating characteristics (such as available range, battery lifetime, antenna design, etc.), cost and deployment feasibility. [ 1, 2, 3] The objective of this paper is to provide a fundamental understanding of the Mica-Z sensor networking system. It involves the investigation of RF characteristics of Mica-Z wireless unattended network sensors in different applications.
To conduct the study, several measurement setups were designed and carried out to collect RF power received measurements under near free space, indoor and outdoor environments. The data collected has been discussed and analyzed in depth to provide fuller perspectives of such sensor network characteristics.
RF power receive measurements were recorded and analyzed to determine the Mica-Z's range characteristics under three different operating environments. Power Loss exponents were calculated to provide Mica-Z users a faster and easier means of estimating operating ranges under such environments.
Battery performance is also investigated under the near free space environment with respect to the break and re-associate distances. A relationship between the battery voltage and break and re-associate distance is established to demonstrate the effect of battery power on the operating range.
GNEC simulation was also used to investigate some of the possible improvements that could be made to the existing Mica-Z antenna design to enhance the performance of the sensor network.
This study is necessary in providing an overview on how such sensors behave under different environments, and the results collected from the measurement will help to set the baseline for future development and deployment of the Mica-Z WSNs applications.
II. RF CHARACTERISTICS OF MICA-Z ANTENNA The Mica-Z network sensor radio is a newly developed network sensor that is designed and built to be IEEE 802.15.4 compliant and ZigBee ready, and it is compatible to MIB5 1OCA Mote interface board which will act as a network based station and programming interface for Mica-Z network sensor operation. This wireless network sensor operates in the 2.40-2.48 GHz frequency range which falls in the ISM band. It uses a quarter wavelength monopole antenna for wireless transmission and reception as a result of the small size factor required. More details of the Mica-Z network sensor can be found in data sheet and Crossbow's network sensor user guide [4] .
Two important aspects of the Crossbow Mica-Z antenna will be discussed here to characterize the performance of the antenna that is used in the sensor. They are Voltage Standing Wave Ratio (VSWR) and radiation pattern of the antenna. In this section, the antenna gain and half-power beamwidth will be used to assess and compare the antenna radiation performance. An additional aspect to be discussed is the power attenuation based on antenna orientations before wrapping up the characterization of the Mica-Z antenna. After studying the characteristics of the Mica-Z antenna, simulation tool GNEC will be used to assess some possibilities of antenna improvement that can be made to improve the overall performance of the Mica-Z network sensor.
A. VSWR MEASUREMENT When there is mismatch of antenna impedance to the feed-line impedance, it gives rise to a second "traveling wave" which goes in the opposite direction from the incident wave. A measurement of this mismatch is known as the reflection coefficient, which is given as [5] As the two traveling waves pass each other in opposite directions, they set up an interference pattern called the "standing wave" and consequently give rise to the VSWR, which is given as follows [5] :
I -I F I~~~ (2) The above equations are rather intuitive as a high reflection coefficient will result in high VSWR and vice versa, and the best possible result of VSWR is 1:1 where there is no mismatch between the feed-line and antenna impedances (i.e., F=o). [5] The VSWR measurement was taken for the Mica-Z antenna to verify the performance of this antenna in its operating frequency band of 2.40-2.48 GHz. An RF analyzer was used to take this measurement and the result is as shown in Figure 1 . The VSWR of Mica-Z antenna was plotted over the range from 2 GHz to 3 GHz so as to provide a wider spectrum of comparison instead of just measuring the band of interest. The result showed that the minimum VSWR was recorded at the point of 2.30 GHz (VSWR=2) and not at the 2.40-2.48 GHz range where the sensor was designed to operate. The VSWR measurements taken between the frequency ranges of 2.4 GHz to 2.48 GHz were found to be between 3 and 5. This clearly showed that the antenna was not used at its optimum operating frequency of 2.30 GHz, and that perhaps some improvements can be made in this aspect of antenna operation.
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The VSWR alone is important but not sufficient to sum the characteristics of an antenna. In the next section, the radiation pattern of the Mica-Z antenna, more specifically the gain and halfpower beamwidth of the antenna, will be discussed to provide a more complete analysis of the antenna characteristics.
B. GRAPHICAL NUMERICAL ELECTROMAGNETIC CODE (GNEC) MODELLING
The preceding sections have highlighted the importance of understanding the characteristics of the network sensor antenna before designing any sensor network system However, this is using available resources to satisfy design requirements which may not always be feasible. In cases where only limited numbers of sensors can be deployed, it will be necessary to re-examine current Mica antenna design and seek means to improve the antenna radiation pattern, gain and half-power beamwidth to match the varying application and environmental requirements.
It is this motivation that drove the use of antenna modeling program to find means to enhance the Mica-Z antenna design. In this paper, the GNEC antenna modeling program was selected to do this task. This software is capable of automating and animating the antenna modeling and propagation predictions.
Some Mica-Z antenna design enhancements were considered and modeled using the GNEC program, including end-loop, toploaded and turnstile antenna models. The current Mica-Z monopole antenna was also modeled so as to serve as a means of comparison.
1) Monopole Antenna (Model 1)
As expected, the simulated radiation pattern obtained from the monopole antenna is very similar to the actual radiation pattern of the Mica-Z. This is to be expected as the modeled antenna is constructed using the actual Mica-Z antenna as the baseline. The simulated radiation pattern is shown in Figure 2 .
A maximum antenna gain of 1.25 dB and half-power beamwidth of 86 degrees was recorded in this omni-directional radiation pattern using this simulation model, and these values would be taken as the basis of comparison for the subsequent antenna modeling designs. This model is based on the Mica-2 antenna design where the top of the antenna is ended with a loop, as shown in Figure 3 . This resulted in the same omni-directional radiation pattern except that the entire radiation is offset slightly from the center of the antenna, which is good when you require more gain on one side relative to the other. Some deviations in the antenna gain and half-power beamwidth were also observed. An antenna gain of 2.65 dB and a half-power beamwidth of 60 degrees were recorded. This model provides a higher antenna gain with the penalty of lower halfpower beamwidth. Based on the result obtained, this model is deduced to be more suitable for even terrain deployment, where the extended range is required and half-power beamwidth requirement is less demanding. Another model that will be discussed is the top-loaded monopole antenna. The top of the monopole is loaded with a pair of wires in cross configuration as shown in Figure 4 . Each of these wires is a quarter wavelength long, intersecting at the midpoint of each other. The radiation pattern is again similar to that of Model 1, which is omni-directional, but there is substantially more antenna gain using this model than Model 1 without much compromise in the half-power beamwidth. The maximum gain is recorded at 5.86 dB and the half-power beamwidth is 94 degrees. Its performance exceeded that of Models 1 and 2.
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Top Loaded Antenna This is the last model that will be discussed in this section. This antenna is based on a classic turnstile configuration for circular polarization. Two dipoles are placed on the same plane but rotated at 90 degrees from each other. These dipoles are a quarter wavelength above a ground plane [7] This model has the worst performance in terms of antenna gain, but has the best performance in terms of half-power beamwidth as compared to the last three models discussed. The antenna gain is only 1.02 dB and the halfpower beamwidth is a whopping 102 degrees. This is due to cross polarization of this model that makes it less sensitive to antenna orientation. This model can be used if maximum beamwidth is required. Based on the above discussion, it becomes apparent that antenna characteristics result in different variations in a sensor network design, it also shows that a sensor network can change the design of an antenna to match the deployment constraints.
III. RF POWER CHARACTERISTICS OF THE MICA-Z NETWORK SENSOR Propagation and attenuation profiles for received signal power are very complex functions of the relative positions of sensors in an uncontrolled environment. It is important not only for system design and performance, but also for the understanding the potential impact that it may have on other users or devices. In order to understand the power and propagation characteristics of Mica-Z sensor network, studies were made to establish the path loss exponents in the near free space, indoor and outdoor environment in this section. In addition, measurements illustrating the relationship between the battery power and break and re-associate distances of the sensor network were also discussed in this section to provide a more complete perspectives of the of the mica-z RF power behavior. [7] A. PATHLOSS EXPONENTS Path loss exponent is a critical parameter that is commonly used to characterize the radio propagation of a channel: it indicates the rate at which the path loss increases with distance. The value of the path loss exponent is dependent on the propagation environment and it can potentially vary widely from one environment to another. It gives the user an indication of how the network sensor will behave in a specific environment, which is critical in any network system design. [7, 8] 
1) Near Free Space Propagation
As illustrated in section II, power received by each network sensor can be computed using Friis equation. To ensure that measurements are correctly taken, it is necessary to set up a near free space environment where environmental attenuation is minimized. As mentioned earlier, the most ideal location will be to take the measurement inside the anechoic chamber where the attenuation is minimized. However, this is not possible due to the limited size of the chamber. As a result, alternate locations were surveyed and a roof top passage was found to specified in Section II, and the first Fresnel radius (Fl) is computed to be approximately 7 ft based on the operating frequency of 2.4 GHz and an operating range of 500 ft. Clearly, the selected site has sufficient clearance to ensure all obstacles are outside 0.6 x Fl = 4.2 ft. It should be noted that it is impossible to eliminate the multi-path interference completely even with the above setup, especially when the grazing angles is relatively small. However, this limitation was accepted in the measurement as a result of unavailability of a more suitable location with low human traffic. In this case, one could simulate a near free space propagation model and measure the receive power at the receive antenna. The received power measurements were taken at incremental steps of 10 ft separation between the transmit and receive antennas until a break point was experienced. The baseline for the measurement was as follows:
* Transmit antenna is transmitting at 0 dBm * Constant 3 volt battery supply to the network sensor * Operating frequency of 2.40 GHz.
After taking the considerations of all the antenna gains and other attenuation factors, the path loss of the near free space propagation was recorded and plotted as shown in Figure 6 . The theoretical path loss chart was also plotted for comparison. From Figure 6 , it was clear that the actual path loss pattern matched the theoretical path loss pattern with consistent power deviation between the 2 curves.
outdoor and near free space and free space propagations are 2.9, 2.7, 2.1 and 2.0 respectively. The near free space average propagation path loss exponent of 2.1 is close to the ideal free space propagation path loss exponent of 2, thus proving that the Fresnel equation, as stated in Section II, has provided a close approximation of free space propagation. As for the indoor and outdoor propagation, the difference in path loss exponents is rather marginal, which could also be observed from the relatively close break distance of 40 ft and 70 ft respectively. 
2) Indoor Propagation
Propagation mechanism of indoor propagation is substantially different from near free space and outdoor propagation. This is due largely to the wide variability of the indoor environment. For example, the indoor setup of office equipment and partitions is different from the outdoor setup of trees and plants. Typically, in the indoor environment, more attenuation will be experienced. [7] The same measurement setup depicted was used to measure the path loss of an indoor environment. Measurements were taken at incremental steps of 10 ft, and at every increment of 10 ft, measurements were taken at -45, 0 and 45 degrees. Figure 7 demonstrates the attenuation behavior of each case of propagation. From the overall result, it was observed that heavy attenuation was experienced.
3) Outdoor Propagation
Similar to indoor propagation, measurements were carried out in an outdoor environment. It was observed that there was also heavy attenuation as a result of the trees, grass and buildings surrounding the area. However, the attenuation experienced in the outdoor propagation was marginally less that the attenuation experienced by the indoor propagation.
Based on the receive power measurements taken for all the three cases above, the path loss exponents of each case were derived and plotted as shown in Figure 7 , which demonstrates the attenuation behavior of each of the four cases of propagation. As shown in this plot, the average values of the path loss exponents for indoor, For better clarity, path loss exponents are tabulated as shown in Table 1 
B. BREAKANDRE-ASSOCIATEDISTANCE
Break and re-associate distance, with respect to the Mica-Z network sensor battery voltages, will be the last topic of discussion in this paper. As highlighted in this paper, extended network sensor battery life is critical to the operation of a wireless sensor network. This is especially true for cases where the line power is not available or network sensors are deployed in any unrecoverable location. In addition, the cost and time required associated with changing hundreds or thousands of sensors are unimaginable. In the case of the Mica-Z network sensor, two 1.5 V AA batteries connected in series were used to power the sensor. This is an incredibly small amount of power available to last a sensor for 1-3 years, which resulted in the demanding requirement of having network sensors to operate in low power and low data rate conditions. Even if the batteries can last for the long duration, it will be difficult to ensure that the batteries maintain constant voltage throughout their life span.
It is for the above reasons that there is a need to understand the relationship between the receive power against the battery voltage of the transmit network sensor so that a necessary attenuation factor can be included in the design of a network sensor system to avoid disruptive failure of sensor network operation. [9] Measurement setup is based on the near free space propagation as illustrated in section II, and the results obtained were as shown in Figures 8 and Figure 9 . Figure 8 illustrated the observation that the break distance and re-associate distance decrease as the battery voltage decreases. This is not a surprising phenomenon as one would expect the power to drop when the battery voltage drops. The interesting observation here is the wide variation in break and re-associated distance when a small variation in the battery voltage was made. The relationship appears to be exponential for both cases. This is an important observation as it is not uncommon to have batteries with substantial fluctuating voltages, and such information will be necessary when deciding the type of batteries to be used for Mica-Z network sensor operation. In Figure 9 , the relationship between break distance and reassociate distance to battery voltage is plotted in another dimension. The power and distance deviation between the break and re-associate points were plotted against the battery voltages. The purpose of this is to present the effects of battery voltage on the range and power performance. It was observed from the plot that there is a diminishing effect on the break and re-associate distance variation as the battery voltage decreases.
There was not a specific power deviation pattern shown on the power deviation plot. However, it was observed that more power was required to get two sensors re-associated than causing a link break during the course of measurement. It was for this reason that re-association was reestablished by bringing the Mica-Z network sensor closer to the base station when a link break was encountered. 
IV. CONCLUSION
This paper has highlighted the criticality of antenna and power characteristics in wireless sensor network design. Based on the measurements carried out on the Mica-Z network sensor, it is concluded that the Mica-Z network sensor is a good potential candidate for many sensor network applications, but in the actual deployment one needs to be aware of the limitations associated with the antenna design and RF power performance as discussed earlier. Therefore, it is essential that these characteristics are clearly understood and improved upon to deploy a reliable Mica-Z sensor network. 
